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The compound semiconductor gallium arsenide
(GaAs) provides an ultra-clean platform1,2 for
storing and manipulating quantum information,
encoded in the charge or spin states of elec-
trons confined in nanostructures3. The absence
of inversion symmetry in the zinc-blende crys-
tal structure of GaAs however, results in strong
piezoelectric coupling between lattice acoustic
phonons and electrons4,5, a potential hinderance
for quantum computing architectures that can
be charge-sensitive during certain operations6–10.
Here we examine phonon generation in a GaAs
double dot, configured as a single- or two-electron
charge qubit, and driven by the application of mi-
crowaves via surface gates11. In a process that is a
microwave analog of the Raman effect, stimulated
phonon emission is shown to produce population
inversion of a two-level system12,13 and provides
spectroscopic signatures of the phononic environ-
ment created by the nanoscale device geometry.
Devices based on GaAs are advantageous for host-
ing qubits because the electron’s small effective mass
in this material gives rise to a large level-splitting, the
lack of valley degeneracy in the band structure simpli-
fies operation, and the clean epitaxial interface used to
confine electrons leads to inherently low charge noise1.
A potential drawback of GaAs and other group III-V
compounds14 is the presence of nuclear spins in the host
lattice which can rapidly dephase electron spin-states3.
Dynamical-decoupling techniques15 however, have re-
cently addressed dephasing from nuclei, demonstrating16
that spin coherence can be preserved for times long
enough that it is now important to address additional de-
coherence mechanisms such as residual charge noise and
processes that incoherently couple electrons to phonons,
either directly17, or via the spin orbit interaction18–20.
In this respect, the piezoelectric nature of GaAs, while
advantageous for shuttling electrons long distances21,22,
also opens a channel for enhanced relaxation and dephas-
ing, in particular, for qubit states with a charge dipole7,9.
Here we investigate a phonon emission process which,
because of the strong piezoelectric coupling, limits charge
coherence in GaAs, even in ideal structures at zero
temperature. Similar phonon generation mechanisms
have recently been examined in the context of readout
backaction10 and compared with transport measurements
of InAs nanowires double dots23,24 and graphene24. Our
test system is a charge qubit with one or two elec-
trons in a double quantum dot, controlled by resonant
microwaves11,25 which drive Rabi oscillations of the elec-
tron between the ground and excited states, as shown
schematically in Fig. 1(a). In the detuned regime where
the microwave energy exceeds the qubit level splitting
(see Fig. 1(b)), we show that this system undergoes
stimulated phonon emission, a process which interrupts
coherent driving and leads to population inversion, as
predicted theoretically12,13. This mechanism, which is a
microwave version of the well known optical technique of
Raman spectroscopy, provides a means of detecting the
phonon spectral density created by the unique nanoscale
device geometry. Our experimental results are in agree-
ment with a theoretical model based on a non-Markovian
master equation and we suggest approaches to suppress
the electron-phonon coupling which could further im-
prove coherence times.
A micrograph of our double quantum dot device is
shown in Fig. 1(c), including a proximal rf quantum
point contact26 (rf-QPC) which is used as a sensor to
read out the charge state of the system (see Fig. 1(d)
and §Methods). Gate voltages VL and VR control the
detuning ε of energy levels between the two dots. For
ε >> 0 the ground and excited states of the qubit corre-
spond to localising the electron mostly in the left (1,0) or
right (0,1) dot respectively, (this is reversed for ε << 0).
We apply microwaves with an energy that matches the
qubit splitting at a certain value of ε, coherently driving
between ground and excited states. Under these condi-
tions the readout signal exhibits sidebands that appear
as lines in the charge stability diagram offset either side
from the ε = 0 transition (Fig. 2b)). We measure the
time-averaged probability P of the electron being in the
(0,1) charge configuration, calibrated such that P (0,1) =
1 for ε 0 and P (0,1) = 0 for ε 0.
Close examination of the microwave sideband line-
shape reveals that they are strongly asymmetric and
distinct from the characteristic Lorentzian lineshape ex-
pected for a driven two-level system. This is seen clearly
with increasing microwave power in Fig. 2(c), which
shows pairs of sidebands corresponding to single- (1γ)
and two- (2γ) microwave photon processes, positioned
either side of the (1,0)-(0,1) transition. We note that the
lineshape of all sidebands is strongly broadened, mostly
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2FIG. 1. (a) Cartoon of the double dot potential showing a single electron wave function coherently tunnelling between the
ground |g〉 and excited state |e〉 under microwave excitation. In a microwave analog of the Raman effect, stimulated emission
of phonons (ripples) is modulated by the mode spectrum set by the intra-dot spacing, which for our device ∼ 280 nm. (b)
Energy-level diagram for the single-electron charge qubit showing the stimulated phonon emission process (light blue) that
leads to asymmetric line shapes and population inversion. At a later time, spontaneous emission of a phonon (orange) leads to
qubit relaxation. Grey shading depicts virtual states. (c) Micrograph of the double dot device showing surface gates and ohmic
contacts to the electron gas (crossed squares). Microwaves are applied to the plunger (P) or centre (C) gate. The conductance
GQPC of a proximal rf-QPC detects the average charge state of the dot and modulates the amount of reflected rf power Prf
from a resonant tank-circuit, enabling fast readout (see §Methods for details). (d) Charge stability diagram of the double
dot, detected using the rf-QPC. Labels (n,m) denote the number of electrons in the left and right quantum dots respectively.
The demodulated signal Vrf is proportional to the QPC conductance and thus the double dot charge configuration. Gate
voltages VL and VR are applied to gates L and R in (c). Red arrows indicate the direction of allowed transitions under resonant
microwave excitation.
on the side closest to ε = 0, which we refer to as the
blue-detuned side, where the microwave photon energy
exceeds the qubit splitting. Further, at high powers, the
amplitude of the microwave sidebands exceeds the satu-
ration value of P (0,1) = 0.5 expected for a driven two-
level system undergoing Rabi cycles between the ground
and excited state. This population inversion results from
Raman process in which the microwave energy exceeds
the qubit level splitting, accessing the excited state by
the stimulated emission of phonons at a rate that exceeds
the rate of spontaneous decay12,13 (see Fig. 1(b)).
Our device can also be configured to the (2,0)-(1,1)
charge transition by adjusting the gate potential to allow
two electrons to occupy the double dot (see Fig. 1(d)).
Under microwave excitation we again observe sidebands
that are strongly asymmetric in their lineshape. A key
difference in the two-electron case however, is the pres-
ence of Pauli-blockade27 which leads to spin dependent
transitions when driving resonantly with microwaves28.
This behaviour is evident in Fig. 2(e-h) as a strong sup-
pression in the sideband amplitude on the (1,1) side of the
transition, where ε > 0. We attribute this suppression to
the occupation of a triplet state which cannot tunnel to
the (0,2) singlet state under microwave excitation with-
out a spin flip. The maximum height of the suppressed
sideband in (1,1) is set by the ratio of singlets to triplets,
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FIG. 2. (a) Avoided crossing of the energy levels for the (0,1)-(1,0) transition under microwave excitation. Blue arrows
indicate allowed microwave transitions. (b) Charge stability diagram showing microwave sidebands either side of the (0,1)-
(1,0) transition. (c) Readout probability P (0,1) for an electron in the (0,1) state as a function of detuning  and microwave
power, where 0 dB is arbitrarily set to a power that yields no effect on the data. Microwave frequency f = 31.8 GHz, applied
to gate C. One- and two-photon sidebands (marked 1γ and 2γ) are visible. (d) Slices through (c) at different microwave
powers, as indicated by the vertical dashed lines overlaying (c). (e) Energy levels of the two-electron system under microwave
excitation. Blue and red lines indicate different rates for microwave driving when the (0,2) singlet S is the ground state, verse
in (1,1) where the triplets T are present. (f) Stability diagram at the (0,2)-(1,1) transition with microwaves applied. Sidebands
are visible in (0,2) but appear strongly suppressed in (1,1) due to Pauli spin-blockade. (g) Readout probability P (0,2) for an
electron in the (0,2) state as a function of detuning  and microwave power. Microwave frequency is f = 26.7 GHz, applied to
gate P. One- and two-photon sidebands (marked 1γ and 2γ) are visible in (0,2) but are highly suppressed in the (1,1) regime.
With increasing power these sidebands asymmetrically broaden on the blue-detuned side closest to  = 0. (h) Slices through
(g) at positions indicated by the dashed lines in (g).
(1:3 → (0.25 × P (0,2) = 0.5), gives P = 0.125). We find
this spin-dependent suppression is unchanged for mag-
netic fields in the range B = 0 – 4 T29.
Even in the limit of weak microwave driving, where
the system does not exhibit population inversion, stim-
ulated emission of phonons will lead to decoherence of
charge states in GaAs devices. The probability for stim-
ulated emission is weighted by the density of available
phonon modes subject to the boundary conditions of the
nanoscale device geometry. In an effort to uncover this
geometric fingerprint in the lineshape, we make use of
the high bandwidth of the rf-QPC charge detector to
rapidly average over many data sets so that the side-
bands can be observed with high resolution, as shown
in Fig. 3(a-d) for a range of microwave powers in the
weak driving regime. Comparing the averaged data to
the Lorentzian lineshape expected for a weakly driven
qubit in the Markovian regime30 (solid line), it is evident
that the blue-detuned region of the sideband shows fine,
step-like features13 in the excited state probability P (0,1)
as a function of detuning. On the ‘red’ side, the data also
deviates slightly from the Lorentzian form and exhibits
additional structure. Via comparison to a detailed the-
oretical model31, we identify these aspects as signatures
of the strong coupling between the driven qubit and its
phononic environment.
Our model describes the driven system with a master
equation, allowing the Rabi frequency to be comparable
to the decay rate. In order to incorporate Raman pro-
cesses in the weak driving limit our model does not make
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FIG. 3. (a)-(d) Sideband lineshape for weak-driving in the one electron configuration, as a function of detuning and for
increasing relative powers at f = 31.8 GHz. In the blue-detuned region ( < ∼ 70 µeV), stimulated phonon emission results in
asymmetric broadening of the sideband and the appearance of step-like features with a spacing (indicated by double arrows)
that is set by the distance between the two quantum dots. Extracting this distance from the spacing of the steps gives 280 nm,
consistent with the micrograph shown in Fig. 1(c). In the red-detuned region (ε > ∼ 70 µeV), the sideband also deviates from
the ideal Lorentzian shape, exhibiting additional skirting features which we attribute to a renormalization of the qubit levels
due to coupling to the phononic environment. Solid lines are Lorentzian fits to the data using only data points in red region
and at the top of the peak.
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FIG. 4. (a) Data showing the (0,1)-(1,0) transition and side-
bands with microwaves applied to the C-gate. ε∗ is the di-
mensionless detuning, normalised by the microwave drive an-
gular frequency ω0 = 2pi× 32 GHz. (b) Theoretical model us-
ing parameters consistent with experimental conditions (see
§Methods). Trace colours correspond to different microwave
powers, consistent with data in (a). The left sideband in (a)
occurs at ε∗ = -0.8, rather than -1, as should be expected.
This is likely an experimental artefact, possibly arising from
a step-discontinuity when tuning the gate voltage near ε∗ =
-0.2.
the usual assumption of Markovian dynamics13,30. Tak-
ing the Laplace transform of the von Neumann equation
gives a series of expressions that describe the dynamical
steady state, dependent on the detuning , the inter-dot
tunnelling rate ∆, the electric field-dipole Rabi frequency
Ω, the microwave driving frequency ω0, the temperature
T , and the spectral density, J(ω) = 2pi
∑
q |gq|2δ(ω−ωq),
where gq is the device geometry dependent electron-
phonon coupling amplitude, ωq is the phonon frequency
and ω is the transition frequency. Figure 4 compares
experimental data with our theoretical model using the
materials properties of GaAs (see §Methods for details).
The only free parameter of this microscopic model is the
global scaling of the microwave amplitude. The colour
of the traces indicates the microwave driving amplitudes
with values consistent between experiment (a) and the-
ory (b).
With this model in hand we comment further on sev-
eral features that are evident in the experimental data
and accounted for by the theory. Firstly, the step fea-
tures appearing on the blue side of each sideband are
understood in terms of a Raman transition involving the
simultaneous absorption of a photon and emission of a
phonon, weighted by the phonon spectral density J(ω)
and set by the device geometry. The width of each step
(see Fig. 3) is directly related to the spacing between
the quantum dots and can be considered as a double-slit
interference pattern for emitting a phonon on the left or
right dots during microwave drive. A shoulder to the line-
shape on the red-side of the sideband is also evident and
arises from a renormalisation of the qubit detuning and
Rabi frequency when the bare electron interacts with the
phononic environment of the crystal lattice. This renor-
malisation of the detuning is analogous to the Lamb-shift,
and arises in Markovian models, whilst the renormalised
Rabi frequency only appears when accounting for the dy-
namical steady-state of the driven system.
There are also some discrepancies between our model
and the experimental data. These can likely be explained
by the anisotropy of the piezoelectric coupling, which we
5have neglected in the model. Further, we have not con-
sidered the presence of the surface which modifies the
phononic spectral density. For the present device, where
the double dots are located 110 nm below the surface,
constructive interference between the double-dot dipole
and its image charge couple the electrons to Rayleigh
surface acoustic waves. We note that the ability to con-
trol the crystallographic orientation of the double dot
and its depth from the surface offers a means of sup-
pressing electron-phonon coupling, an advantage of het-
erostructure devices. Future approaches to suppressing
the influence of the phononic environment may include
patterning the surface or shaping the gate electrodes to
induce phononic band gaps32 that extend qubit coher-
ence in these systems.
I. METHODS
The double dot is defined electrostatically, 110 nm be-
low the surface of a GaAs/Al0.3Ga0.7As heterostructure
grown using molecular beam epitaxy (electron density
2.4 × 10 15 m −2, mobility 44 m 2/Vs at 20 K). All data
is taken at the base electron temperature of a dilution
refrigerator, Te ∼ 100 mK, with the sample mounted on
a custom high frequency printed circuit board (PCB)33.
Microwave excitation is produced using a room tempera-
ture vector source (Agilent 8267D) and fed to the device
PCB via coaxial cables that include cryogenic attenua-
tors.
Readout is performed using an rf quantum point
contact (rf-QPC), proximal to the double dot. An
impedance matching tank circuit operating at a fre-
quency of∼ 500 MHz transforms the high QPC resistance
towards the 50 Ω characteristic impedance of a transmis-
sion line enabling the QPC to modulate the amount of
reflected rf power. The change in reflected rf power is am-
plified using cryogenic and room temperature amplifiers
and demodulated at room temperature using standard
quadrature mixing techniques to yield a baseband signal
Vrf proportional to the QPC conductance. For high res-
olution data (Figure 3 and Figure 4) a high bandwidth
digital storage scope is used to perform a large number
of trace averages.
To compare our theoretical model to the experimental
data, we normalise each quantity with respect to the mi-
crowave driving frequency, e.g., ω∗ = ω/ω0, where the ∗
indicates dimensionless parameters. In this form we can
write:
J∗(ω∗) = piP∗ω∗
1− sinc(d∗ω∗)
1 + (ω∗/ω∗c )2
, (1)
where d∗ = dω0/cs, with d the inter-dot separa-
tion and cs is the transverse speed of sound. P
∗ =
(~P )2/(4pi2~µ c3s) where ~P is the piezoelectric electron-
phonon coupling strength, µ is the mass density, and
ωc ≈ 2pics/a is a high-frequency cut-off determined by
the exponential decay length of the localised electronic
wavefunction, a. For GaAs, cs = 3000 m/s, ~P = 1.45
eV/nm and µ = 5300 kg/m
3
, so P ∗ = 0.09. For the
driving frequency ω0 = 2pi × 32 GHz pertinent to Fig.
4(a), and assuming d ∼ 280 nm (set by device geome-
try) we find d∗ ∼ 20. The tunnelling rate ∆∗ = 0.15,
and temperature T ∗ = kBT/ω0 = 0.12 are obtained in-
dependently from experimental data. We choose ω∗c = 2,
consistent with a ∼ 50 nm.
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